The initial steps in the interaction of diphtheria toxin with HeLa cells were studied. It was demonstrated that lethal doses of toxin are rapidly adsorbed to the cell. The kinetics of uptake, as measured by lethality, indicated that a single toxin molecule is able to cause cell death. Studies on the effect of pH on intoxication showed that adsorption of toxin occurred over a wide pH range but was partially inhibited at high pH values. Experiments to determine the influence of the ionic environment on intoxication indicated that adsorption of toxin did not take place in the absence of salts and was partially inhibited in the presence of a polyanion. The evidence indicates that the initial binding of toxin to the cell is electrostatic in nature, involving positively charged surface groups. Attempts to demonstrate specific receptors for the attachment of toxin to cells were unsuccessful, suggesting that toxin adsorption may be a nonspecific process. The effect of energy inhibitors on intoxication was examined. Sodium fluoride, an inhibitor of glycolysis, almost completely prevented intoxication in HeLa cells, whereas inhibitors of respiration and oxidative phosphorylation had no effect. Sodium fluoride did not prevent adsorption of toxin but appeared to inhibit a later step in the intoxication process, perhaps the transport of toxin to subsurface or intracellular levels.
Recent studies on the mode of action of diphtheria toxin have shown that toxin inhibits the incorporation of amino acids into polypeptides in extracts of susceptible cells (4) . This inhibition was dependent on a cofactor identified as NAD (nicotinamide adenine dinucleotide). Collier (3) used a cell-free protein-synthesizing system from rabbit reticulocytes, and found that toxin had no effect on ribosomes or polysomes and did not release nascent polypeptide chains, but inactivated an enzyme necessary for peptide synthesis, transferase II. These findings were subsequently confirmed in other laboratories (8, 17) and, in addition, Goor, Pappenheimer, and Ames (10) found that nicotinamide reversed the inactivation of transferase II when added to intoxicated extracts.
Honjo et al. (12) found that, in the presence of toxin, the adenosine diphosphate ribose (ADPR) portion of NAD was bound to transferase II, an event linked to the loss of transferase activity. The reaction was reversible, and they suggested that toxin acted as an enzyme in the reaction. Gill et al. (6) showed that in the presence of toxin NAD was hydrolyzed to yield free nicotinamide, and that transferase activity was concomitantly lost.
Furthermore, when intact cells were treated with toxin, the inactive ADPR derivative of transferase II accumulated intracellularly.
It is known that exposure of susceptible cell cultures to only a few hundred molecules of toxin per cell is sufficient to kill the cells (19) . Pappenheimer and Brown (18) studied the uptake of toxin labeled with "2tiodine by HeLa cells and found that only 25 to 50 molecules of toxin were bound per cell after exposure to a saturating dose of toxin (107 molecules). Furthermore, radioautographs indicated that most of the bound toxin molecules were fixed to the outer cell mem- brane. To explain the lethal effect of diphtheria toxin on intact living cells, Gill et al. (6) proposed that a few toxin molecules become fixed in the cell membrane. At these sites, the toxin molecules catalyze the formation of the inactive ADPRtransferase II complex, thus inactivating the cell's complement of transferase II.
Little 
RESULTS
Adsorption of toxin. Although toxin appears to adsorb rapidly to susceptible cells (21, 23) , no studies on the kinetics of this process have been reported. We attempted to study the rate at which cells in a population adsorb a lethal dose of toxin. To separate the adsorption process from subsequent steps in intoxication, ammonium chloride, an inhibitor of toxin action, was used. Kim and Groman (14) found that, when cells were exposed to toxin in the presence of various ammonium salts and amines, intoxication did not occur; they concluded that in the presence of ammonia toxin adsorbed to the surface of the cell, but subsequent steps leading to irreversible toxicity were inhibited (15) .
HeLa cell cultures were exposed to toxin or control solutions in the presence of ammonium chloride (0.2 mg/ml) at 37 C for various lengths of time. The solutions were removed, and the cells were washed once with warm HBSS. Complete medium was added to the cells; they were incubated for 3 to 4 days at 37 C and then counted.
With a concentration of 1.0 Lf of toxin per ml, 80% of the cells adsorbed a lethal dose of toxin within 1 min (Fig. 1) . Exposure for 4 to 5 min was sufficient to kill greater than 90% of the cells. When exposed to 0.436 Lf of toxin per ml, approximately 20 min was required for 80% of the cells to adsorb a lethal dose. In some experiments, a second set of controls received antitoxin after exposure to toxin plus ammonium chloride for 30 min. No cytotoxic effects were observed, indicating that in the presence of ammonium chloride the toxin had remained accessible to antitoxin.
Effect of pH on intoxication. Little is known about the environmental factors involved in intoxication. The toxin molecule and the cell both carry a net negative charge at physiological pH values, and one would predict that ionized groups on the cell membrane and on the toxin molecule itself might participate in the attachment of toxin to the cell.
To study the effect of pH on intoxication, cell cultures were exposed for 1 hr to toxin in HBSS or control solutions adjusted to various pH values with NaOH or HCl. Toxin was removed and the cells were washed with antitoxin. Complete medium was added, and the cells were counted after 4 to 5 days (Table 1) .
Intoxication occurred over a wide pH range but was inhibited at high pH values. There was no effect on the control cultures at these pH values; the monolayers were intact and the cells exhibited normal morphology. Control monolayers were destroyed at pH 4.5 and 10. In an additional experiment at pH 9.7, no antitoxin was given; the monolayers were washed twice with HBSS at pH 9.7 after toxin exposure. These monolayers were only partially intoxicated, suggesting that toxin attachment is inhibited at this pH, and that electrostatic forces may be involved in the attachment of toxin to the cell.
Effect of the ionic environment on intoxication. To study further the importance of ionized surface groups in the adsorption of toxin, cells were exposed to toxin in the presence of various substances having an effect on the ionic environment. After incubation for 1 hr, the cells were washed with antitoxin or with the agent present in the toxin solution. Complete medium was added, and the cells were observed for 4 to 5 days for evidence of cytopathic effects (Table 2 ).
It appears that adsorption of toxin does not take place in the absence of ions; toxicity was not observed when the cells were exposed to toxin in sucrose, even though no antitoxin was given. Toxin adsorption was partially inhibited in the presence of the polyanion heparin. Adsorption and intoxication occurred normally in the presence of DEAE-dextran, a polycation. The results tend to support the hypothesis that positively charged groups are involved in the attachment of toxin to the cell.
One would expect that an electrostatic interaction between toxin and cell would be influenced by the salt composition of the medium. To examine the possibility that divalent salts are required to form bridges between the toxin molecule and the cell, cultures were exposed to toxin in HBSS containing ethylenediaminetetraacetic acid (EDTA; 0.2 mg/ml), in HBSS containing no Ca++, and in Ca++-free HBSS containing EDTA. After a 30-min exposure period, the cells were washed with the same medium lacking toxin and were incubated in complete medium for 3 to 4 days. In all cases, intoxication occurred, indicating that divalent cations are not required for the adsorption of toxin.
The influence of the salt environment on toxin adsorption was examined in more detail. Isotonic for 1 hr and then removed, and the cells were washed with antitoxin. Complete medium was added, and the cells were observed for several days for monolayer formation. We found that treatment with proteolytic enzymes was unable to prevent intoxication of the cells; no monolayer was formed (Table 4) . The enzymes neuraminidase, lysozyme, and hyaluronidase were added to cell monolayers for 1 hr at 37 C. The monolayers were washed twice with saline and exposed to toxin or control solution for 1 hr. The cells were washed with antitoxin, complete medium was added, and the monolayers were observed for 5 days for cytopathic effects. In an additional experiment, HeLa cells were exposed to NaF and toxin as before. The toxin solution was removed and the cells were washed three times with NaF in HBSS; no antitoxin was given. These monolayers subsequently showed cytopathic effects and were destroyed. Controls with NaF alone were normal. To determine whether glycolysis was indeed inhibited under the experimental conditions described above, cell cultures were exposed to 3 ml of NaF (10-2 M) in HBSS or HBSS alone and were incubated at 37 C. The cultures were removed at various times, and glycolytic activity was measured by determining the amount of lactic acid formed, by the method of Barker and Summerson (1) . An appreciable inhibition of lactic acid formation in the cultures treated with NaF is shown in Table 6 .
The results of these experiments show that sodium fluoride does not prevent adsorption of toxin, but appears to inhibit a later step in intoxication, perhaps the penetration of toxin into the cell. 
DISCUSSION
The experiments just described indicate that toxin adsorbs rapidly to HeLa cells and suggest that the adsorption process is mediated by an electrostatic interaction between the toxin molecule and the cell surface. The diphtheria toxin molecule is strongly electronegative at physiological pH values, with an isoelectric point at pH 4.1 (25) . The cell also bears a net negative charge (20, 24) . Several lines of evidence suggest that electrostatic forces are involved in the initial adsorption of toxin to the cell. The adsorption rate of toxin at various temperatures is unknown, but Strauss and Hendee (23) observed that toxin did adsorb to HeLa cells at 10 C. The results of the present investigation indicate that the ionic state of surface groups is important in the adsorption of toxin to the cell. Thus, toxin adsorption does not occur in the presence of isotonic sucrose and is partially inhibited in the presence of a polyanion. Toxin adsorption occurs in the presence of a polycation and at various salt concentrations in isotonic sucrose.
One explanation for these results is that in the absence of salts (or cations) the repulsive force between the negatively charged toxin molecule and the cell is too high to permit contact. Adding cations would reduce the repulsive potential and permit contact. Evidence from the pH studies also lends support to this explanation. Adsorption of toxin occurred over a wide pH range in HBSS, but was partially inhibited at around pH 9.7. At this pH, positively charged amino groups are neutralized and an increase in the net negative charge occurrs. It is also possible that the neutralization of positive charges causes an electrostatic or configurational change, or both, to take place; this prevents the correct "fit" necessary for toxin-cell interaction. Finally (7) , and the addition of NaF results in a marked inhibition of glycolysis from both endogenous substrate and glucose (26; Table 6 ). One interpretation of these findings, discussed below, is that some step in the intoxication process requires energy derived from the glycolytic pathway. A second interpretation is that NaF, through its effect on glycolysis and energy metabolism, inhibits the reaction of toxin, NAD, and transferase II, a finding which Gill et al. (6) have reported. Thus, if fluoride treatment resulted in trapping of NAD in its reduced form, NADH, the inactivation of transferase II would not proceed (9) . Finally, it is possible that NaF acts in a direct manner to prevent toxin molecules from reaching their site of action.
It is clear that adsorption of toxin in and of itself is not lethal to the cell. Cells remain viable when exposed to toxin in the presence of NH4CI or NaF or at pH 9.5, conditions under which toxin adsorbs but remains accessible to the neutralizing effect of antitoxin. Intoxication therefore depends on the subsequent step or steps. The data presented in this paper and by others is compatible with the idea that, subsequent to adsorption, toxin molecules are actively transported to subsurface or intracellular levels. Moehring and Moehring (16) observed that poly-Lornithine, which stimulates uptake of protein by mammalian cells, enhanced the lethality of toxin for normally resistant mouse L cells. We have observed (unpublished data) that bovine serum albumin increases the speed with which intoxication occurs in HeLa cells exposed to low doses of toxin. Bovine serum albumin and other proteins are known to increase the rate of pinocytosis in mouse macrophages (2) . The experiments with energy inhibitors reported here support the idea that toxin is actively transported into the cell; active transport and pinocytosis are energyrequiring processes (13) . We have found that the uptake of another macromolecule, that is, the infection of HeLa cells with poliovirus ribonucleic acid (RNA), is also inhibited by 10-2 M NaF (J. Duncan, unpublished data). Thus, by inhibiting the glycolytic production of adenosine triphosphate, NaF may prevent the transport of toxin (or viral RNA) into the cell.
On the basis of their studies with t25iodine-labeled toxin and radioautographs, Pappenheimer and Brown (18) concluded that toxin remained at the outer cell membrane. However, their attempts to reverse toxin action by the addition of trypsin to intoxicated cells were unsuccessful. We think it is possible that, after adsorption of toxin to the cell membrane, the toxin molecules may be actively transported (pinocytosed) to subsurface or intracellular levels, perhaps just beneath the cell membrane. There, toxin would catalyze the formation of the ADPR-transferase II complex, resulting in the inactivation of the cell's complement of transferase II.
